1. Introduction {#sec1-viruses-11-00347}
===============

There has been a surge of interest in the past few decades in the roles that viruses play in the environment \[[@B1-viruses-11-00347]\]. Viruses are ubiquitous and numerous (ca. 10^31^) and parasitize various organisms. Viruses constitute a repository of genetic diversity and greatly influence the ecosystem structure and function \[[@B2-viruses-11-00347],[@B3-viruses-11-00347]\]. According to previous studies on freshwater and marine environments, viruses can mediate the essential processes of nutrient biogeochemical cycling \[[@B4-viruses-11-00347],[@B5-viruses-11-00347],[@B6-viruses-11-00347]\], manage microbial community composition through lysis and lysogeny oscillation \[[@B5-viruses-11-00347],[@B7-viruses-11-00347],[@B8-viruses-11-00347],[@B9-viruses-11-00347]\], and are involved in host evolution via the horizontal gene exchange \[[@B1-viruses-11-00347],[@B3-viruses-11-00347]\].

As a sharp contrast to the growing number of studies on viruses in aquatic environments, there has been a relatively slow progress on research of soil viruses. One of the main obstacles is the high heterogeneity of soils, because it limits our ability to isolate, resuspend soil viruses, and extract their DNA \[[@B10-viruses-11-00347],[@B11-viruses-11-00347]\]. Most soil viral ecology studies focus on natural systems and not artificial soils like agricultural soils, e.g., hot deserts \[[@B12-viruses-11-00347],[@B13-viruses-11-00347]\], active layer above permafrost \[[@B14-viruses-11-00347],[@B15-viruses-11-00347]\], and polar regions \[[@B16-viruses-11-00347],[@B17-viruses-11-00347]\]. Agricultural ecosystems not only provide a large amount of food for humans, but also affect the environment through processes such as nitrogen leaching, ammonia volatilization, and CH~4~ and N~2~O emissions \[[@B18-viruses-11-00347]\]. In addition, unlike aquatic and other terrestrial ecosystems, agricultural ecosystems are also severely disturbed by agricultural activities such as fertilization, irrigation, and tillage. Therefore, the role of viruses in biogeochemical cycling of agricultural ecosystems may be completely different from those in aquatic ecosystems \[[@B19-viruses-11-00347],[@B20-viruses-11-00347],[@B21-viruses-11-00347]\].

In agricultural soil-based studies, most observations on autochthonous viruses have been performed in dry soils \[[@B19-viruses-11-00347],[@B20-viruses-11-00347],[@B21-viruses-11-00347]\], while paddy soils have long been neglected. However, in the paddy soil, wet--dry cycling changes soil pH and nutrient availability \[[@B22-viruses-11-00347],[@B23-viruses-11-00347]\], and also promotes the level of connectivity across aggregates, and thus increases the chance of microbial encounters \[[@B10-viruses-11-00347]\]. Recent studies have demonstrated that both soil water content (SWC) and pH influence virus--bacterium interactions, thus affecting the dynamics of viral and bacterial communities in soils \[[@B10-viruses-11-00347],[@B11-viruses-11-00347],[@B24-viruses-11-00347]\]. Moreover, it has been reported that viruses are also sensitive to changes in soil organic material (SOM) \[[@B20-viruses-11-00347]\], thus specifically modifying their host population \[[@B5-viruses-11-00347]\]. Furthermore, previous reports about soil viruses have discussed the impact of different carbon substrates on viral communities \[[@B19-viruses-11-00347],[@B25-viruses-11-00347]\]. However, the effect of nitrogen addition has been neglected. The addition of the chemical nitrogen fertilizer is unavoidable in agriculture; therefore, it is meaningful to understand how viruses respond to nitrogen fertilization and further regulate bacterial populations.

Owing to the limited knowledge regarding autochthonous viruses in agricultural soils and the likely important roles they play in microbial biogeochemistry, it is important to better characterize autochthonous viruses in paddy soils. We investigated the dynamics of viral and bacterial communities, under flooding and fertilization conditions, and the effect of multiple environmental factors on soil viruses at the beginning of the spring ploughing season from a long-term (since 1991) urea fertilized paddy field in northeastern China.

2. Materials and Methods {#sec2-viruses-11-00347}
========================

2.1. Field Description and Experimental Design {#sec2dot1-viruses-11-00347}
----------------------------------------------

This study was carried out at the National Field Observation and Research Station of Shenyang Agro-ecosystems (41°31'N, 123°24'E). The site has a temperate semi-humid continental monsoon climate, with a mean annual average temperature of 7.7 °C and average precipitation of 675 mm year^−1^. The soil is classified as a Cambisol (FAO taxonomy) \[[@B26-viruses-11-00347]\] and the cropping system used is a single cropping of rice.

The long-term fertilization experiment commenced in 1991 and two treatments (five plots each, with an area 4 m × 6 m) were established: a) Phosphate and potassium fertilizer (PK), b) phosphate, potassium, and nitrogen fertilizer (PKN). The amount of fertilizer application for both treatments simulated the field management practices of farmers. In the experimental period, two treatments were applied in the same amount of calcium superphosphate (90 kgP ha^−1^) and potassium chloride (90 kgK ha^−1^); in addition, the PKN group received urea at a rate of 60 kgNha^−1^. When starting irrigation, the fields maintained a flooded condition during the sampling period. To maintain the water level at \~5 cm high during sampling, the irrigation was implemented daily at 7:00 a.m.

2.2. Sample Collection and Soil Analysis {#sec2dot2-viruses-11-00347}
----------------------------------------

Soils were collected in 2018 on the following dates: May 15 for obtaining fallow period values (FP), May 18 for completing the field steeping period, namely the third day of flooding (FL3), May 21, which is the first day after fertilization (AF1), May 24 (AF4), June 3 (AF14), June 10 (AF21) ([Figure 1](#viruses-11-00347-f001){ref-type="fig"}). At 9:00 a.m. on each date, 10 cores (diameter, \~3 cm; depth, 0--10 cm) were taken from each replicate plot of every treatment and homogenized separately by mixing, stored in sterile bags, and transported to the laboratory on ice. It should be noted that each group had its independent core device with a replaceable cutting bit. Those cutting bits were cleaned and sterilized before sampling. Every cutting bit was replaced after sampling a soil core. Soil viral and bacterial extractions, soil total DNA extraction, and gaseous emission measurements were performed immediately. Soil physicochemical properties ([Table 1](#viruses-11-00347-t001){ref-type="table"}) were determined following the methods of Lu \[[@B27-viruses-11-00347]\]. Data on precipitation and temperatures (depth, 5 cm) were acquired from the meteorological station of the National Field Observation and Research Station of Shenyang Agro-Ecosystems (<http://sya.cern.ac.cn/meta/metaData>).

2.3. Samples Processing {#sec2dot3-viruses-11-00347}
-----------------------

The soil viral extraction method was previously described by Williamson et al. \[[@B28-viruses-11-00347]\]. Briefly, raw soil samples (5 g) were suspended in 15 ml 1% potassium citrate extraction buffer (containing per liter 10 g K~3~C~6~H~5~O~7~·H~2~O, 1.44 g Na~2~HPO~4~·7H~2~O, 0.24 g KH~2~PO~4~, pH 7), vortexed vigorously, and then placed in a shaker at 180 rpm, 4 °C, for 1 h. After centrifuging at 2000× *g* for 45 min at 4 °C, the supernatants were filtered through 0.22-μm filters (Merck Millipore Ltd, Tullagreen, Carrigtwohill, Ireland). Finally, the extracts were snap-frozen in liquid nitrogen and stored at −80 °C.

Bacteria were extracted according to Williamson et al. \[[@B29-viruses-11-00347]\]. A mixture of 5 g soil and 35 mL 1% potassium citrate extraction buffer was vortexed and then shaken on ice for 1 h. Prior to centrifugation at 10,000× *g* for 20 min at 4 °C, the slurry was layered over an 8-mL layer of Nycodenz (1.3 g mL^−1^ density, filtered through a sterile 0.22-μm filter before use). After centrifugation, the supernatant was snap-frozen in liquid nitrogen and stored at −80 °C.

2.4. Epifluorescence Microscopy {#sec2dot4-viruses-11-00347}
-------------------------------

The counts of virus-like particles (VLPs) and bacterial cells were performed as previously described \[[@B20-viruses-11-00347],[@B30-viruses-11-00347]\]. Briefly, DNase-treated (RNase-free recombinant DNase I, Takara Bio, Kusatsu, Japan) and 100-fold diluted viral aliquots and bacteria aliquots were respectively passed through a 0.02-µm pore Anodisc filters (diameter, 25 mm; Whatman, Dassel, Germany) and 0.2-µm pore Nuclepore Track-Etch membranes (Whatman, Maidstone, UK). Filters were immediately stained with 25× SYBR Safe (Invitrogen, Carlsbad, CA, USA) before being incubated in the dark for 20 min. Dried filters were put onto glass slides with 30 μL anti-fade mounting medium, a mixture of 0.1% (vol/vol) p-phenylenediamine, 50% glycerin, and 50% PBS (0.13 mol/L NaCl, 7.0 mmol/L Na~2~HPO~4~, 3.0 mmol/L NaH~2~PO~4~), then VLPs or bacterial cells were enumerated using epifluorescence microscopy under blue light excitation. What needs to be stated is that specific bacterial probes have not been applied in bacterial counting. Thus, we are not 100% sure only bacteria cells were specifically counted on the track-etch membranes, which may slightly influence the accuracy of bacterial abundance (BA) and virus-to-bacterium ratio (VBR).

2.5. Total DNA Extraction, Sequencing of 16s rDNA, and Bioinformatics Analysis {#sec2dot5-viruses-11-00347}
------------------------------------------------------------------------------

DNA was extracted from 0.4 g (wet weight) soil using the DNeasy PowerSoil DNA extraction kit (Qiagen, Hilden, Germany, product 12888) with three replicates, according to the manufacturer's instructions. The isolated DNA was eluted with 80 μL of solution C6 (Qiagen, Hilden, Germany, product 12888). Before storing at −20 °C, the total DNA was checked on 1.0% agarose gel and the DNA quantity and quality of the extracts were estimated by the spectrophotometric analysis (Bio-Photometer, Eppendorf, Hamburg, Germany). All samples of the DNA were amplified in triplicate with no-template controls and detected by agarose electrophoresis. The v3 and v4 regions were amplified using primers containing the sequences 5′-CCTACGGRRBGCASCAGKVRVGAAT-3′ and 5′-GGACTACNVGGGTWTCTAATCC-3′, which were designed by GENEWIZ, Inc. (Suzhou, China). Three replicates of purified PCR amplicons were used to create the sequencing libraries. All libraries were generated using the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, CA, USA) following the manufacturer's recommendations, and barcodes were added. Lastly, the libraries were sequenced on an Illumina MiSeq 300PE platform at GENEWIZ, Inc. (Suzhou, China).

The sequencing reads were merged using the FLASH tool, and the quality filtering on raw tags was performed under specific filtering conditions according to QIIME (QIIME™, V2.0) \[[@B31-viruses-11-00347]\]. Chimeric sequences were wiped off using USEARCH. High-quality sequences from all samples were clustered into operational taxonomic units (OTUs) at 97% sequence similarity using the default QIIME pipeline UCLAST. The representative sequence in each OTU was assigned to a taxonomic group using the SILVA classifier with an 80% confidence threshold, thus establishing the OTU table \[[@B32-viruses-11-00347]\].

2.6. Randomly Amplified Polymorphic DNA (RAPD)-Polymerase Chain Reaction {#sec2dot6-viruses-11-00347}
------------------------------------------------------------------------

The RAPD-PCR technique was performed to get at viral diversity \[[@B33-viruses-11-00347]\]. The viral concentration method was adapted from that described by Srinivasiah et al. \[[@B33-viruses-11-00347]\]. Briefly, soil viral extracts were spun at \>200,000× *g* at 4 °C for 2 h (41,000 rpm/288,000× *g* in an SW 41 Ti rotor; Beckman Coulter Inc., Fullerton, CA, USA). The precipitate was resuspended in 20 μL 1% potassium citrate extraction buffer and then the concentrate was treated with 5 units of RNase-free recombinant DNase I (Takara) to remove any free DNA following the manufacturer's protocol.

The RAPD-PCR assay in this study involved two successive rounds. In the first round, the reaction mixture (25 µL) included 12.5 µL 2X Taq Plus PCR Master Mix (Tiangen, Beijing, China) containing 500 μM dNTP each, 20 mM Tris-HCl, 100 mM KCl, 3 mM MgCl~2~, and 4 µL template (about 10^6^ VLPs), 6.5 µl ddH~2~O, and 2 µL of 10 µM AAWZS-1 (5'-CACCACCTGC-3') \[[@B33-viruses-11-00347]\] as both forward and reverse primer. RAPD-PCR amplifications were conducted in a Biometra TGradient thermocycler (Biometra, Göttingen, Germany) as follows: after 6 min initial denaturation at 95 °C, 40 cycles were carried out at 95 °C for 1 min, 41 °C for 3 min, 72 °C for 2 min, and then the final extension was 20 min at 72 °C. During the second round, the 25 µL reaction volume contained 12.5 µL 2× Taq Plus PCR Master Mix, 1 µL amplified fragments as template, 2 µL primer AAWZS-1, and 9.5 µL ddH~2~O. The RAPD-PCR conditions were 94 °C for 5 min, 30 cycles consisting of 94 °C for 1 min, 43 °C for 1.5 min, and 72 °C for 2 min for extension, followed by 72 °C for 15 min. Amplified products were analyzed using an automated QIAxcel Advanced electrophoresis system (QIAGEN, Hilden, Germany).

2.7. Gaseous Emissions Measurements {#sec2dot7-viruses-11-00347}
-----------------------------------

Gas emissions (CH~4~, CO~2~, and N~2~O) were analyzed as follows. About 100 g soil was put in a glass bottle (300 mL) at 20 °C, and soils that were collected under continuous flooding were maintained with a 1 cm water height. Each treatment had five replicates. After incubating for \~4 h, gas samples (35 mL) in the headspace were taken and analyzed simultaneously with a gas chromatograph (Agilent 7890A, Wilmington, DE, USA), equipped with an electron capture detector and a flame ionization detector. Gaseous emissions were calculated with the following equation: where F is the CH~4~, CO~2~, or N~2~O fluxes; ∆m and ∆c are the increase and decrease of gaseous mass, and concentration ratio in bottled gas mixtures, respectively; V and W are the volume of effective space and soil dry weight, respectively; ∆t is the cultivation time; ρ is gas density under standard conditions.

2.8. Statistical Analysis {#sec2dot8-viruses-11-00347}
-------------------------

Independent sample *t*-test and spearman's rank correlation analysis were performed using the SPSS 21.0 software (SPSS Inc., Chicago, IL, USA). Bacterial Shannon index, and unweighted UniFrac values were calculated with QIIME 2 (QIIME™, V2.0) and visualized with the "phyloseq" package (version 3.7) in R (version 3.4.3) \[[@B34-viruses-11-00347]\]. Principal component analysis (PCA) of the viral community was performed using the "vegan" package in R according to the RAPD electrophoresis pattern. Principal coordinate of analysis (PCoA) was performed with the "phyloseq" package in R according to the bacterial UniFrac distance matrix. Top phylum and genus levels were counted and analyzed using the GraphPad Prism 6 (GraphPad Software Inc., San Diego, CA, USA). Redundancy analysis (RDA) was performed using the vegan package in R.

3. Results {#sec3-viruses-11-00347}
==========

3.1. Viral and Bacterial Abundance {#sec3dot1-viruses-11-00347}
----------------------------------

Viral abundance (VA) and bacterial abundance from the samples collected from the day before irrigation (FP) to the 21st day after fertilization (AF21) were observed by using epifluorescence microscopy. VA in the PK group ranged from 7.12 × 10^8^ to 1.37 × 10^9^ VLPs gdw^−1^, and in the PKN group ranged from 7.88 × 10^8^ to 1.54 × 10^9^ VLPs gdw^−1^ ([Figure 2](#viruses-11-00347-f002){ref-type="fig"}, [Supplementary Materials Table S1](#app1-viruses-11-00347){ref-type="app"}). These results were similar to those from a previous study that summarized the existing studies on dry farmland, and found a VA range of \~10^7^ to 10^9^ gdw^−1^ \[[@B11-viruses-11-00347]\]. In our study, BA ranged from 3.17 × 10^6^ to 6.04 × 10^6^ cells gdw^−1^ in the PK group and 2.49 × 10^6^ to 8.71 × 10^6^ cells gdw^−1^ in the PKN group. However, according to the above-mentioned study \[[@B11-viruses-11-00347]\], BA values were mostly around 10^9^, which were much higher than those in the present study. It is presumed that the higher BA levels in soils in those previous studies were the result of organic fertilizer application. The FP samples reflected the effect of long-term urea application on paddy soils. After about 30 years of fertilization, VA and BA in the PKN group were both significantly lower than those in the PK group (VA, *p* = 0.019; BA, *p* = 0.014) ([Figure 2](#viruses-11-00347-f002){ref-type="fig"}, [Supplementary Materials Table S1](#app1-viruses-11-00347){ref-type="app"}). These results indicate that the long-term urea addition led to a significant difference in VA and BA in the paddy soil during the spring fallow period.

For the FL3 samples, VA in the PK group was significantly decreased by flooding (*p* = 0.003), while the abundance in the PKN group was not significantly different (*p* = 0.105). The difference in VA between the two groups disappeared by FL3 (*p* = 0.542). The large change in SWC led to an increase in BA in both groups, and the abundance in the PK group was still significantly higher than that in the PKN group in the FL3 samples (*p* = 0.005) ([Figure 2](#viruses-11-00347-f002){ref-type="fig"}, [Supplementary Materials Table S1](#app1-viruses-11-00347){ref-type="app"}). From FL3 to AF1, VA under the two treatments increased likely due to fertilization. In the PK group, VA sharply increased to 1.37 × 10^9^ viruses gdw^−1^ after the first day of fertilization, then fell to the minimum value of 7.12 × 10^8^ VLPs gdw^−1^ at AF14. In the PKN group, VA increased from an initial value of 1.03 × 10^9^ to 1.54 × 10^9^ VLPs gdw^−1^ at AF4, while it decreased to 8.98 × 10^8^ VLPs gdw^−1^ at AF21 ([Figure 2](#viruses-11-00347-f002){ref-type="fig"}, [Supplementary Materials Table S1](#app1-viruses-11-00347){ref-type="app"}). BAs in the two groups increased after the first day of fertilization. Besides, BA in the PKN group was significantly higher than that in the PK groups at AF1 (*p* = 0.015), AF4 (*p* = 0.003), and AF14 (*p* = 0.003). In the PK group, BA reached 5.67 × 10^6^ cells gdw^−1^ at AF1, then significantly decreased at AF4 (*p* = 0.015), and finally rose to 6.04 × 10^6^ cells gdw^−1^ at AF21. In the PKN group, BA increased from an initial value of 6.42 × 10^6^ to 8.71 × 10^6^ cells gdw^−1^ at AF21.

The highest values of VBR were observed in the FP samples of both groups at 300.23 and 362.53 in PK and PKN groups, respectively ([Figure 2](#viruses-11-00347-f002){ref-type="fig"}, [Supplementary Materials Table S1](#app1-viruses-11-00347){ref-type="app"}). Subsequently, downward trends were observed in both groups for the rest of the experimental period. The lowest VBR values were observed in the PK group at AF14 (120.49) and the PKN group at AF21 (107.20) ([Supplementary Materials Table S2](#app1-viruses-11-00347){ref-type="app"}).

3.2. Viral and Bacterial Community Analyses {#sec3dot2-viruses-11-00347}
-------------------------------------------

Variation in viral communities in paddy soil was detected with RAPD-PCR and high-resolution capillary electrophoresis techniques. Results with primer AASW1 and its amplifying system were more reproducible than those from a previous microcosmic study of dry soil ([Supplementary Materials Figure S1](#app1-viruses-11-00347){ref-type="app"}) \[[@B25-viruses-11-00347]\]. Long-term urea addition significantly decreased viral diversity in FP of the PKN group (*p* = 0.000), of which the Shannon index was 2.01, lower than the 2.84 in the FP samples of the PK group ([Figure 3](#viruses-11-00347-f003){ref-type="fig"}a, [Supplementary Materials Table S2](#app1-viruses-11-00347){ref-type="app"}). A sharp increase in viral diversity in the PKN group was observed at FL3 (average of 2.01 in FP of the PKN group to 3.01 in FL3 of the PKN group, *p* = 0.000), while a similar trend was not found in the PK group (average from 2.84 in FP of the PK group to 2.97 in FL3 of the PKN group, *p* = 0.207). Consequently, no difference in viral diversity between the two groups was observed at FL3 (*p* = 0.683) ([Figure 3](#viruses-11-00347-f003){ref-type="fig"}a).

Within 21 days after fertilization, dynamic trends in the viral diversity of the two groups were almost the same ([Figure 3](#viruses-11-00347-f003){ref-type="fig"}a). At AF1, the diversity did not significantly change in either group (PK, *p* = 0.165; PKN, *p* = 0.439), which demonstrated that fertilization did not rapidly trigger a large variation in viral diversity under the two treatments. Furthermore, at AF1, viral diversity in the PKN group was significantly higher than that in the PK group (*p* = 0.009). Viral diversity peaked in the soils under both treatments at AF4 (3.51 in the PK group and 3.35 in the PKN group), and in contrast to that at AF1, the diversity in the PKN group was significantly lower than that in the PK group at AF4 (*p* = 0.005). In the last two observational days, viral diversity was not different between the two groups (AF14, *p* = 0.487; AF21, *p* = 0.647) ([Supplementary Materials Table S2](#app1-viruses-11-00347){ref-type="app"}). Meanwhile, the viral diversity of both treatments decreased to its lowest point at AF21 ([Figure 3](#viruses-11-00347-f003){ref-type="fig"}a).

The PCA results, based on electrophoretogram analysis, indicated that the soil moisture and urea addition caused divergence in viral communities ([Figure 3](#viruses-11-00347-f003){ref-type="fig"}b). Viral communities in the FP samples of both groups were separated along the first principal component axis (PC1) explaining 46.03% of the variation in the data, suggesting that the soil viral community structure was strongly affected by the long-term urea application. Along the second principal component axis (PC2), explaining 19.54% of the variation, the viral communities of the PK group at AF4 and the PKN group at AF1 were separated from the others in the same group. Moreover, the samples of both groups at AF1 and both groups at AF21 respectively exhibited more similar viral community compositions ([Figure 3](#viruses-11-00347-f003){ref-type="fig"}b).

High throughput sequencing of 16S rRNA gene amplicons was performed to investigate bacterial diversity (general features of the high throughput sequencing results shown in [Supplementary Materials Table S3](#app1-viruses-11-00347){ref-type="app"}). According to the Shannon index, the highest diversity of both groups was observed in the FP samples (11.67 in the PK group and 11.64 in the PKN group) ([Figure 3](#viruses-11-00347-f003){ref-type="fig"}a), but no significant difference was found between the two groups (*p* = 0.509) ([Supplementary Materials Table S2](#app1-viruses-11-00347){ref-type="app"}). Irrigation resulted in the lower Shannon indices in both groups at FL3, and bacterial diversity in the PKN group was significantly higher than that in the PK group (*p* = 0.006). After the fertilizer application, the PK group had a higher Shannon index at AF1, and then got the lowest value at AF4 ([Figure 3](#viruses-11-00347-f003){ref-type="fig"}a). The urea application did not lead to evident changes in bacterial diversity at AF1 (*p* = 0.492), but Shannon indices exhibited higher at the next three sampling times. Bacterial diversity was significantly higher at AF1 in the PK group than in the PKN group (*p* = 0.018), but opposite results were observed at AF4 and AF14 (*p* = 0.000, *p* = 0.011, respectively). Shannon indices of both groups were higher at AF21 (11.48 in PK and 11.54 in PKN) than those at AF14, but there was no difference in Shannon indices between the two groups at AF21 (*p* = 0.064) ([Supplementary Materials Table S2](#app1-viruses-11-00347){ref-type="app"}).

The UniFrac-coupled PCoA results illustrated the dynamics of bacterial communities on different sampling days. The bacterial communities of the PK and PKN groups were generally separated into two groups along axis 2, which expressed 21.6% of the variance in the unweighted UniFrac ([Figure 3](#viruses-11-00347-f003){ref-type="fig"}c). The largest distance of bacterial composition between the two groups was found at FP ([Supplementary Materials Figure S2](#app1-viruses-11-00347){ref-type="app"}), and the FP results of both groups were separated along axis 1 explaining 46.8% of the variance ([Figure 3](#viruses-11-00347-f003){ref-type="fig"}c). However, the FP samples of both groups showed similar diversity indices. This indicated that long-term urea fertilization led to variation in the bacterial community structure.

In addition, based on 16S rRNA gene sequencing data, we investigated dominant bacterial populations at the phylum and genus levels. First, at the phylum level, there were no significant changes in community structure or relative abundance among the top 10 phyla. Proteobacteria, Acidobacteria, and Chloroflexi were the dominant populations at the phylum level in both groups ([Supplementary Materials Figure S3](#app1-viruses-11-00347){ref-type="app"}). Second, at the genus level, *Nitrospira* was highly abundant in (relative abundance \>1%) all samples in both groups except FP samples of the PKN group; *Bacillus* was highly abundant in all samples in both groups except AF14 samples of the PKN group; *Sphingomonas* was highly abundant in FP and AF4 samples in both groups ([Supplementary Materials Figure S3, Table S4](#app1-viruses-11-00347){ref-type="app"}). Notably, in both groups, the dominant genera in the FP samples were almost the same as those in the flooded soils (*p* = 0.99 in PK, and *p* = 0.51 in PKN), which indicated that changes in SWC showed less effect on the composition of dominant bacterial populations.

3.3. Correlations between Viral Lytic Environment and Bacterial Community {#sec3dot3-viruses-11-00347}
-------------------------------------------------------------------------

The correlation analysis tested the relationship between VA, BA, VBR, microbial processes (CH~4~, CO~2~ and N~2~O), environmental factors (SOM, pH, available P, SWC, and soil temperature at 5 cm depth) ([Supplementary Materials Table S5](#app1-viruses-11-00347){ref-type="app"}). There was no precipitation throughout the experimental period, therefore the effect of precipitation was not discussed. Before fertilization, VA in the PK group was positively correlated to VBR, SOM, available P, and CO~2~ emissions, negatively to BA, pH, SWC, and CH~4~ and N~2~O emissions. In the PKN group, VA was positively correlated with VBR and CO~2~ emissions, and was negatively correlated with SWC and N~2~O emissions. After applying fertilizer, in the PK group, VA was positively correlated to VBR and SOM, and negatively correlated to pH and available P. In the PKN group, VA was positively correlated with VBR and CH~4~ emissions, while negatively correlated with BA. Unexpectedly, although temperature is an important factor influencing viral survival \[[@B2-viruses-11-00347]\], it was not correlated to VA in our results.

According to the dynamics of VA and the relative abundance of bacterial genera, those genera whose relative abundance were most significantly negatively correlated to the VA were selected as the potential lysed bacterial genera. They were *Rhodoplanes*, *Bauldia*, and *Dongia* in the PKN group and *Noviherbaspirillum*, *Sorangium*, and *Candidatus Solibacter* in the PK group ([Figure 4](#viruses-11-00347-f004){ref-type="fig"}a,b, respectively). The decrease in bacterial genera corresponded to an increase in VA, indicating that viral regulation in paddy soils is specifically targeted.

The contributions of variables were analyzed by RDA. Both RDA axes were significant (RDA1 *p* = 0.005, RDA2 *p* = 0.002), with axis 1 explaining 40.99% and axis 2 explaining 14.63% of the variation ([Figure 4](#viruses-11-00347-f004){ref-type="fig"}c). Soil pH, CH~4~ emissions, and VBR were identified as the most important predictors for axis 1; while for axis 2 the most important variables were VA, CO~2~ emissions, and SOM ([Supplementary Materials Table S7](#app1-viruses-11-00347){ref-type="app"}). SWC was rejected by RDA because SWC was at an almost constant level after irrigation. Compared with that of the PKN group, microbial composition in the PK group was mainly driven by soil pH, available P, and VBR. In addition, VA was found to be significantly positively correlated with SOM. Meanwhile, VA, expressed with one of the longest arrows in the RDA analysis panel ([Figure 4](#viruses-11-00347-f004){ref-type="fig"}c), was an important influencing factor of microbial composition in the PKN group.

4. Discussion {#sec4-viruses-11-00347}
=============

Viruses are abundant and diverse, and thus are an important driving force of ecosystem functions \[[@B35-viruses-11-00347]\]. By splitting specific subsets of microbiota, viruses determine the evenness and richness of microbial populations, and consequently affect microbial community structure \[[@B5-viruses-11-00347],[@B36-viruses-11-00347]\]. Therefore, it is widely accepted that viruses play a pivotal role in biogeochemical nutrient and energy cycling \[[@B36-viruses-11-00347]\]. Over the past two decades, research on viruses has mainly focused on aquatic ecosystems and little progress has been made in research on soil viruses in terrestrial ecosystems, especially regarding viral impact on their bacterial hosts, and consequently on nutrient cycling in agricultural ecosystems. In the present study, the dynamic changes in autochthonous soil viruses and their interactions with bacteria were studied in a long-term urea-treated paddy soil under the conditions of flooding and urea application, aiming to extend our knowledge of soil viruses in agricultural ecosystems.

4.1. Dynamic of VA, BA, and VBR {#sec4dot1-viruses-11-00347}
-------------------------------

In this study, compared to the PK group, there were significantly lower soil viral and bacterial abundances in the fallow period under long-term (\~30 years) urea application ([Figure 2](#viruses-11-00347-f002){ref-type="fig"}). Data also show that long-term urea fertilization resulted in a lower SOM in the PKN group during the fallow period ([Table 1](#viruses-11-00347-t001){ref-type="table"}). The literature suggests that SOM has a positive effect on viral \[[@B20-viruses-11-00347]\] and bacterial \[[@B19-viruses-11-00347]\] abundances, which suggests that the decrease in VA and BA in the PKN group was the result of decreased SOM caused by long-term urea application. Additionally, extremely lower viral diversity was observed under the PKN treatment compared with that under the PK treatment at FP, whereas the bacterial diversity between the two groups was not significantly different ([Figure 3](#viruses-11-00347-f003){ref-type="fig"}a, [Supplementary Materials Table S2](#app1-viruses-11-00347){ref-type="app"}). Since the lytic behavior of viruses has preferential targets \[[@B11-viruses-11-00347]\], non-significant differences in bacterial diversity between the two groups at FP cannot explain the significant differences in viral diversity at FP. This indicated that bacterial lytic resistance may exist in paddy soils with long-term urea application, which blocks autochthonous viral reproduction and decreases viral diversity.

Viral diversity showed a significant increase in the PKN group after the third day of irrigation, which resulted in the similar viral diversity between two groups ([Figure 3](#viruses-11-00347-f003){ref-type="fig"}a). Meanwhile, viral abundance at FL3 also showed no difference between two groups ([Supplementary Materials Table S1](#app1-viruses-11-00347){ref-type="app"}). Therefore, it is suggested that the dramatic increase in SWC led to a certain degree of convergence of soil viruses in the two groups. On the one hand, spatial heterogeneity (e.g., the simultaneous existence of water-filled pores and gas-filled pores blocks viral-bacterial interaction) \[[@B10-viruses-11-00347],[@B11-viruses-11-00347]\] is an important factor in bacterial escape from phage infection in soil \[[@B24-viruses-11-00347],[@B37-viruses-11-00347]\]. The soil in the PKN group at fallow period probably showed higher spatial heterogeneity than that in PK. After irrigation, the increase of SWC can bring about the improvement of soil spatial connectivity, thus promoting the viral mobility and infection rate. On the other hand, we observed a significant shift of soil bacterial community in the PKN group from fallow period to the third day after irrigation ([Supplementary Materials Table S2](#app1-viruses-11-00347){ref-type="app"}). We speculate that the shift due to irrigation increases the population and variety of susceptible bacteria which benefit the replication of diverse viruses. Collectively, after irrigation, improved viral mobility, and increased population and variety of susceptible bacteria are the probable reasons that together result in a certain degree of convergence of soil viruses in the two groups at the third day of irrigation.

The increase in SWC did not induce variation in BA between the two groups at FL3, but Shannon indices of both treatments were significantly lower ([Supplementary Materials Tables S1,2](#app1-viruses-11-00347){ref-type="app"}). Besides, the insignificant relationship between SWC and BA was also confirmed by the results of the correlation analysis ([Supplementary Materials Table S7](#app1-viruses-11-00347){ref-type="app"}). This indicated that it was bacterial diversity, not abundance that SWC strongly regulated. Viruses can control the height of the fitness peaks of bacteria \[[@B38-viruses-11-00347],[@B39-viruses-11-00347]\], and most viruses are host specific \[[@B11-viruses-11-00347],[@B29-viruses-11-00347]\], thus the decrease of some targeted bacterial lineages can bring out the proliferation of other bacterial lineages, which leads to a maintained level of abundance and a varied diversity of bacteria.

Concerning the VA results after short-term urea application (AF1), we found that the VA peak was delayed for three days in the PKN group compared with that in the PK group. Meanwhile, at AF1, a decrease in VBR was observed in the PKN group ([Figure 2](#viruses-11-00347-f002){ref-type="fig"}), indicating that viruses being temperate and switching from lysogenic to lytic cycle at this time spot (invalid infection and limitations of enumeration are also considerable reasons). All the above findings suggested that soil viruses undertake different reproduction strategies in the early stage after nitrogen fertilization.

From the variation in VA and VBR between FL3 and AF1 in the PK group ([Figure 2](#viruses-11-00347-f002){ref-type="fig"}), we deduced that viruses rapidly respond to bacterial proliferation triggered by the addition of phosphate and potassium fertilizers, which shows a viral lytic incident. We suggested that this result is in accordance with "Kill-the-Winner" (KtW) model, in which virulent viruses regulate bacterial populations by eradicating the most abundant bacterial populations \[[@B10-viruses-11-00347],[@B40-viruses-11-00347]\] (it is a suggestion because it cannot be absolutely confirmed when there is just count data). It was reported that dramatic viral infection under the KtW model led to an increase in VBR \[[@B10-viruses-11-00347]\]. Therefore, the higher VBR in the PK group at AF1 than that in the PKN group also supports our speculation ([Figure 2](#viruses-11-00347-f002){ref-type="fig"}). In contrast to the PK group, low VBR after the first day of urea addition is the result of either resistant bacteria or temperate viruses that persist as proviruses from lysogenic infection, as reported in previous studies \[[@B11-viruses-11-00347],[@B29-viruses-11-00347],[@B36-viruses-11-00347],[@B41-viruses-11-00347],[@B42-viruses-11-00347]\]. Moreover, a "Piggy-back-the-Winner" model (PtW) was recently described by Knowles et al. \[[@B8-viruses-11-00347]\], in which, in a nutrient-rich environment, viruses may exploit their hosts through lysogeny rather than killing them. This model may explain lower VBR observed after the first day of urea application. Notably, the PtW model was first observed in a eutrophic aquatic ecosystem \[[@B8-viruses-11-00347]\]; however, it was also reported that viruses follow the KtW model under conditions with sufficient carbon substrates in unsaturated soil \[[@B25-viruses-11-00347]\]. Apparently, paddy soils can provide a completely different soil microenvironment for viruses than that in dry farming soil. A temporary eutrophic environment is created by urea addition (e.g., the PKN group at AF1) \[[@B43-viruses-11-00347]\], and viral mobility is improved by high SWC \[[@B10-viruses-11-00347]\]. Therefore, we propose that these are the probable reasons that viruses tend to transitorily exhibit a PtW pattern after urea application.

VA in the PKN group peaked and exhibited its highest burst sizes at AF4, and was accompanied by an increase in VBR ([Figure 2](#viruses-11-00347-f002){ref-type="fig"}). This indicates that the PtW pattern observed at AF1 had switched to the KtW pattern at AF4. As urea is a kind of fast-effective fertilizer, we speculate that the reason for viruses changing their lifestyle strategy is that the brief eutrophication period has ceased by AF4. In addition, BA did not increase in both groups at AF4, and even significantly decreased in the PK group (*p* = 0.011) ([Figure 2](#viruses-11-00347-f002){ref-type="fig"}, [Supplementary Materials Table S1](#app1-viruses-11-00347){ref-type="app"}), which suggests a top-down control of viruses. It also suggested that most observed viruses were related to bacteriophages. In addition, we found that bacterial diversity in the PK group decreased by 4.03% (*p* \< 0.05) between AF1 and AF4, which accompanied with the viral diversity peak ([Figure 3](#viruses-11-00347-f003){ref-type="fig"}a,b, [Supplementary Materials Table S2](#app1-viruses-11-00347){ref-type="app"}). This indicates a strong viral top-down control at the fourth day after fertilization. Whereas bacterial diversity in the PKN group showed a much smoother trend during the experimental period than that in the PK group. Further, bacterial diversity in the PKN group did not respond to the increase in viral diversity at AF4 ([Figure 3](#viruses-11-00347-f003){ref-type="fig"}a,b). We speculate that it is the result of increased resistance in the bacterial populations in urea-treated group.

By the final sampling day, BA peaked under both treatments, accompanied by a decrease in VA and the lowest VBR ([Figure 2](#viruses-11-00347-f002){ref-type="fig"}), which corresponded with previous results reported by Srinivasiah et al. \[[@B25-viruses-11-00347]\]. After fertilizer application, in both groups, the increased growth rate in BA initially resulted in an increase in soil VA ([Figure 2](#viruses-11-00347-f002){ref-type="fig"}), and by the end, viral production had weakened relatively to viral decay. This indicates that the regulatory behavior of viruses weakens, or that resistance increases in the host populations \[[@B25-viruses-11-00347]\].

4.2. Viral and Bacterial Community {#sec4dot2-viruses-11-00347}
----------------------------------

RAPD-PCR is not a marker-gene based methodology for viral communities \[[@B33-viruses-11-00347]\]; therefore, we cannot definitively demonstrate that the electrophoresis pattern completely characterizes the underlying changes in viral community structure. Nevertheless, the significant statistical test results prompt us to suggest that RAPD-PCR fingerprints can still provide credible results. Based on the subsequent PCA ([Figure 3](#viruses-11-00347-f003){ref-type="fig"}b), the great distance between the two groups during the spring fallow period, in the FP samples, demonstrates a strong driving force of long-term chemical-N fertilization (\~30 years) on soil viral communities. Meanwhile, results showed that the viral composition of the PKN group at AF1 and the PK group at AF4 were more independent than the other samples among treatment-matched samples ([Figure 3](#viruses-11-00347-f003){ref-type="fig"}b). This indicates that irrigation and urea application have a strong driving effect on soil viral composition; however, viruses evidently respond more rapidly to urea application. In addition, at the end of the experimental period, urea addition did not drive the PKN group to form a different viral community than that in the PK group ([Figure 3](#viruses-11-00347-f003){ref-type="fig"}b), From the results of PERMANOVA, values in the two groups have no significant difference ([Supplementary Materials Table S2](#app1-viruses-11-00347){ref-type="app"}), and both viral Shannon indices and VBR reach their lowest values ([Figure 3](#viruses-11-00347-f003){ref-type="fig"}a, 2). This indicates a weakening of viral activity at the end of the experimental period.

From the results of PERMANOVA, dominant bacterial genera (\>1%) were roughly the same between two groups ([Supplementary Materials Table S6](#app1-viruses-11-00347){ref-type="app"}). However, from examining the sequencing data, PCoA results also show two clusters of generally separated bacterial community positions under the treatment groups ([Figure 3](#viruses-11-00347-f003){ref-type="fig"}c). This suggests that long-term urea application mostly affects non-dominant bacterial populations, and thus modifies bacterial composition. Meanwhile, RDA showed that the cluster of the microbes in the PKN group was strongly driven by VA ([Figure 4](#viruses-11-00347-f004){ref-type="fig"}c), which demonstrates that the dynamics of VA are linked to a variation in bacterial communities. As previously reported, nutritional changes caused by urea addition are one of the main drivers of microbial shifts in soil systems \[[@B44-viruses-11-00347],[@B45-viruses-11-00347]\]. Additionally, in the PK group, which had added phosphorus and potassium, available phosphorus was shown to be an important factor for bacterial community composition. This suggests once again that long-term fertilization has a vital effect on bacterial communities. Notably, despite the lower soil moisture before irrigation, the dominant genera in the FP samples were almost the same as those in the flooded soils. This indicates that a dramatic change in SWC by flooding did not change the dominant genera present. Undiversified dynamics of dominant genera was also probably due to microaerophilic habitat in irrigated soil (especially some microaerophilic pore spaces that sheltering aerobic bacteria), which maintained the abundance of dominant bacterial genera. Contamination from relic DNA \[[@B46-viruses-11-00347],[@B47-viruses-11-00347]\] also should be the considerable reason.

In this study, potential lysed bacterial genera were determined by the correlation analysis between the VA and relative abundance of bacterial genera. Methodologically, an increased VA and a decreased BA could mean the bacteria are lysed. However, in our study, VA data were obtained by applying counting methods, and relative abundances of bacterial genera were collected from sequencing data. Methodological inconsistencies may lead to some uncertainties that promote us to use "potential" for rigor \[[@B48-viruses-11-00347]\]. It has been reported that viruses rapidly respond to changes in the abundance of specific bacterial host populations \[[@B11-viruses-11-00347]\]. Similarly, our results showed that bacteriophage regulation of bacteria was not only limited to bacterial composition. The observed trade-off between VA and potential lysed genera indicates that virus regulation in paddy soils has specific targets ([Figure 4](#viruses-11-00347-f004){ref-type="fig"}a,b). In the PKN group, the potential lysed genera of *Rhodoplanes* and *Dongia* were reported as nitrogen-fixing bacteria \[[@B49-viruses-11-00347],[@B50-viruses-11-00347]\]. *Bauldia* is the order *Rhizobiales* which also has the ability of nitrogen fixation \[[@B51-viruses-11-00347],[@B52-viruses-11-00347]\]. That is to say, in the PKN group, that nitrogen-fixing populations were lysed. This indicates that bacteriophages kill nitrogen-fixing bacteria, and thus limit their ability to absorb nitrogen from the air, thereby reducing excessive nitrogen accumulation. While in the PK group, two of the most lysed bacteria, *Noviherbaspirillum* and *Sorangium* function in denitrification \[[@B53-viruses-11-00347],[@B54-viruses-11-00347]\], suggesting that bacteriophages decrease the loss of soil nitrogen to the air. In addition, potential lysed bacterial genera in the PKN group (*Rhodoplanes, Dongia*, and *Bauldia*) were not correlated to VA in the PK group ([Supplementary Materials Figure S5](#app1-viruses-11-00347){ref-type="app"}). This confirmed that the specificity of bacteriophages lysis is induced by urea application. Overall, the above results imply that the specifically lysed bacterial populations are closely related to soil nutrient cycling.

A previous study showed that the type of N fertilizer affects the evolution of N~2~, N~2~O, and CH~4~ from a flooded-rice soil to the atmosphere \[[@B55-viruses-11-00347]\], which are indicators of soil N and C cycling. In our study, we observed a higher CH~4~ emission rate in the urea-treated group ([Supplementary Materials Figure S4](#app1-viruses-11-00347){ref-type="app"}), which suggests that a correlation may exist between urea addition and CH~4~ producers. Coincidentally, the abundance of *Methanosarcina*, one of the chief CH~4~ producing archaea, was positively correlated to VA only in the PKN group ([Supplementary Materials Figure S5](#app1-viruses-11-00347){ref-type="app"}). As we expected, CH~4~ emissions were only positively correlated to VA and VBR after applying urea ([Supplementary Materials Table S5](#app1-viruses-11-00347){ref-type="app"}). Therefore, we deduced that soil viruses should be involved in the regulation of CH~4~ production under urea-treated conditions. In addition, the results of previous research suggest that *Methanosarcina* may be the only anaerobic methanogen that produces methane using all three known methanogenic metabolic pathways, and that it can use more than nine methanogenic substrates, including CO~3~^2−^ hydrolyzed by urea \[[@B56-viruses-11-00347]\]. From this understanding, we consider it possible that methanogens rapidly metabolize CO~3~^2−^ produced from urea hydrolysis and enhance CH~4~ production. In our opinion, these are reasonable assumptions for how CH~4~ production responds to VA under urea addition, which can quickly balance soil nutrients in this agricultural ecosystem. As far as we know, this is the first report on the influence of soil viruses and CH~4~ emissions.

5. Conclusions {#sec5-viruses-11-00347}
==============

Nutrient cycling in agricultural ecosystems is a complicated problem. Most previous reports were based on the driving role of environmental factors. With the progress of molecular biology techniques, the role of soil microorganisms in nutrient cycling has been focused on more. However, the role of soil viruses is seldom considered in studies. Our study advances an understanding of the role of autochthonous soil viruses in a long-term urea-treated paddy soil. First, soil viruses respond rapidly to urea addition, which modifies the bacterial community composition and functions. Second, in paddy soil, viruses show diversified survival strategies under different soil conditions. Soil transient eutrophication caused by urea addition enables viruses to switch to temperate strategies in the short term. Subsequently, viruses become more virulent, which causes a variation in BA and community structure. Third, in response to the addition of fertilizers, viruses selectively lyse bacterial populations with specific functions, such as N cycling groups, thus regulating soil nutrients. Together, these results emphasize the crucial role of autochthonous soil viruses in nutrient cycling through the regulation of soil bacterial communities. Notably, to the best of our knowledge, this is the first report on the dynamics of autochthonous soil viruses in paddy soils.
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The following are available online at <https://www.mdpi.com/1999-4915/11/4/347/s1>, **Figure S1**: RAPD electrophoretogram of viral diversity and cluster analysis of all samples. FP, representing spring fallow period; FL3, third day of flooding; AF1, 4, 14, 21 refer to the first, fourth, 14th, and 21st days after fertilization, respectively; **Figure S2**: UniFrac distance between bacterial communities on six sampling days. FP, representing spring fallow period; FL3, third day of flooding; AF1, 4, 14, 21 refer to the first, fourth, 14th, and 21st days after fertilization, respectively; **Figure S3**: Dominant bacterial populations and their composition: Top 10 phyla (a) and top 20 genera (b) of all samples. FP, representing spring fallow period; FL3, third day of flooding; AF1, 4, 14, 21 refer to the first, fourth, 14th, and 21st days after fertilization, respectively; **Figure S4**: Dynamics of CH~4~, CO~2~ and N~2~O emissions of all samples. FP, representing spring fallow period; FL3, third day of flooding; AF1, 4, 14, 21 refer to the first, fourth, 14th, and 21st days after fertilization, respectively; **Figure S5**: In the PK group, dynamics of bacteria which are potentially lysed in the PKN group; and in the PKN group, dynamics of bacteria which in the PK group are potentially lysed. FP, representing spring fallow period; FL3, third day of flooding; AF1, 4, 14, 21 refer to the first, fourth, 14th, and 21st days after fertilization, respectively; **Table S1**: Viral and bacterial abundance (×10^6^) and viral-to-bacterial ratio; **Table S2**: Viral and bacterial Shannon indices; **Table S3**: General features of the high throughput sequencing results and bacterial richness values; **Table S4**: Relative abundance (%) of top 20 bacterial genera of all samples; **Table S5**: Correlation analysis of viral and bacterial assemblages, and environmental factors; **Table S6**: PERMANOVA indicating no significances are observed in the composition of dominant bacterial genera (\>1%) among all samples; **Table S7**: Accumulated constrained eigenvalues and biplot scores for constraining variables of RDA.
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![Detailed description of water management and fertilizer application in the experimental fields, and each sampling date. The downward facing arrow indicates that the application of fertilizers was performed on May 20th. Soil samples representing spring fallow period (FP) collection and starting irrigation were performed on the same day. Irrigation began immediately after FP samples collection. FL3, third day of flooding; AF1, 4, 14, 21 refer to the first, fourth, 14th, and 21st days after fertilization, respectively.](viruses-11-00347-g001){#viruses-11-00347-f001}

![Dynamics in viral abundance (VA), bacterial abundance (BA) and virus-to-bacterium ratio (VBR) in the phosphate and potassium fertilizer (PK) and phosphate, potassium, and nitrogen fertilizer (PKN) groups. The asterisks indicate significant differences are obtained from matched samples (*T*-test; \*, *p* \< 0.05). FP, representing spring fallow period measurements; FL3, third day of flooding; AF1, 4, 14, 21 refer to the first, fourth, 14th, and 21st days after fertilization, respectively.](viruses-11-00347-g002){#viruses-11-00347-f002}

![Changes in viral and bacterial communities over time in the PK and PKN groups. (**a**) Viral (top) and bacterial (bottom) diversities shown as Shannon index in all samples. The asterisks show the significance determined by independent sample *t*-test (\*, *p* \< 0.05); (**b**) PCA analysis shows the shifts of the viral community in paddy soil; (**c**) scatterplots from PCoA, based on unweighted UniFrac distances of the OTUs in all samples at each of six time points. FP, representing spring fallow period; FL3, third day of flooding; AF1, 4, 14, 21 refer to the first, fourth, 14th, and 21st days after fertilization, respectively.](viruses-11-00347-g003){#viruses-11-00347-f003}

![Bacterial community structure driven by potential specific viral predators and related factors. (**a**,**b**) The bar plots show the top three bacterial genera which most negatively correlated with the viral abundance (VA) over time (the correlation coefficient and significance are shown in the legends); (**c**) RDA analysis of all samples, indicating how was bacterial community driven by virus and other environment factors. The percentage of the variance explained by each axis is indicated in parenthesis. Red and blue filled circles indicate bacterial community of PK and PKN groups, respectively. VA, bacterial abundance (BA), VBR (virus-to-bacterium ratio), viral diversity index, microbial processes, and environmental variables are showed by arrows. Arrow length indicates the importance of a corresponding parameter; a small angle between two arrows indicates a strong correlation between the two corresponding parameters. Additionally, "Temperature" means soil temperature at 5 cm depth. "Viral diversity" means viral Shannon index. FP, representing spring fallow period; FL3, third day of flooding; AF1, 4, 14, 21 refer to the first, fourth, 14th, and 21st days after fertilization, respectively.](viruses-11-00347-g004){#viruses-11-00347-f004}

viruses-11-00347-t001_Table 1

###### 

Physicochemical properties^1^ of two treatments of soil.

  Soil properties          PK       PKN
  ------------------------ -------- --------
  SOM^2^ (g/kg dw)         14.62    13.86
  Total N (g/kg dw)        0.84     0.78
  Total P (g/kg dw)        0.74     0.63
  Available P (mg/kg dw)   18.62    12.53
  Total K (g/kg dw)        19.75    19.93
  Available K (mg/kg dw)   209.64   218.53
  pH                       6.86     7.15
  SWC^3^ (%)               11.40    11.48

^1^ All of physicochemical properties in [Table 1](#viruses-11-00347-t001){ref-type="table"} represent the condition of the below mentioned sampling time "FP"; ^2^ SOM is the abbreviation of soil organic matter; ^3^ SWC represents soil mass water content.
